Operando magnetic susceptibility measurements of sodium ion cathode materials during repetitive electrochemical cycling enable a continuous and bulk sensitive monitoring of the transition metal oxidation states. Such measurements on Na x V 2 (PO 4 ) 3 identified vanadium to be the only ion undergoing oxidation/reduction processes upon battery operation. For the initial battery charging-discharging cycle as well as for the first cycle after prolonged room temperature storage, however, peculiarities within the magnetic susceptibility measurements indicate parasitic side reactions, likely on the cathode surface.
Introduction
Transition metal compounds, such as oxides and phosphates, are universally used as positive electrode (cathode) materials in advanced batteries. For instance, lithium vanadium phosphate (LVP, Li 3 V 2 (PO 4 ) 3 ) was proven as a highly stable, very fast cycling active material with applications ranging from highpower batteries to battery-supercapacitor hybrid devices. [1] [2] [3] Its sodium analogue, the sodium vanadium phosphate (NVP, Na 3 V 2 (PO 4 ) 3 ) shows good performance as cathode material in sodium ion batteries. 4 As with most transition metal oxides used for lithium or sodium storage, the transition metal center undergoes oxidation or reduction upon charging or discharging of the battery electrode.
Magnetometry has proven to be a powerful tool for studying such oxidation/reduction processes in layered cathode materials with Li as the mobile ionic species (e.g. ref. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Combining magnetic measurements with operando techniques enables a continuous and bulk sensitive monitoring of the oxidation and reduction processes during electrochemical cycling. [16] [17] [18] [19] As the magnetic susceptibility serves as highly sensitive fingerprint to the oxidation state of the transition metal, irrespectively of the ion species, the technique of magnetometry will also give valuable insights for the sodium analogue.
The present study aims at operando magnetic susceptibility measurements of sodium ion cathode materials. In particular, the oxidation and reduction processes in sodium vanadium phosphate upon electrochemical cycling are studied.
Results
The electrochemical behavior of the prepared NVP carbon composite (NVP/C) was investigated by cyclic voltammetry (CV) and galvanostatic cycling with potential limitation (GCPL). CV accurately shows the characteristic oxidation peak at 3.5 V vs. Na/Na + as well as the reduction peak at 3.3 V vs. Na + /Na (Fig. 1a) . These values fit nicely to previous studies on NVP. 20, 21 The electrochemical process is clearly reversible since almost symmetrical peaks occur at the oxidation and reduction side. The small visible shoulders in the oxidation and reduction peaks (indicated by arrows in Fig. 1a ) indicate structural reorganization 22 which is related to a change in sodium ion occupancy. 23 In the potential range of 2.8-4.0 V (vs. Na/Na + ) a fully reversible two-phase electrochemical reaction occurs where two sodium ions can be extracted and inserted, respectively. ‡ Nevertheless, the first cycle is slightly different compared to the subsequent cycles (see Fig. 1a ). On the one hand, there is a small shift in potential towards more negative values. On the other hand, the CV slope significantly deviates for the first cycle (more pronounced in the oxidation peak) (see Fig. S2 , ESI † for different sweep rates). This could be related to a slightly lower stoichiometry of sodium in NVP as revealed by inductively coupled plasma mass spectrometry (see Table S1 , ESI †). However, deviations within the first charging cycle are also seen in magnetic susceptibility measurements which cannot be explained with a lower stoichiometry of sodium in NVP (see below). Fig. 1b shows the cycling behavior of NVP/C half-cell. After each 25 cycles the C-rates where increased from C/10, C/5, C/2, C, 2C to finally 5C. The last 15 cycles serve as a control as they are conducted again with a slow C-rate of C/10. GCPL revealed that NVP/C shows almost no capacity loss within a certain cycling rate. The drop in capacity upon increasing the cycling rate is related to the increase of ohmic drops at higher currents. The drops, however, are relatively small, a sign of the good electronic conductivity introduced by the carbon phase of the NVP/C composite. Interestingly the capacity is still as high as 52 mA h g À1 even for cycling the cell at the highest rate of 5C.
The electrode electrochemical potential E and the change in the magnetic susceptibility Dw (with respect to the magnetic signal of the pristine sample) as a function of charging time t for two independent measurements are shown in Fig. 2 . In Fig. 2a and b the first three cycles of a freshly prepared cell are shown. With the onset of charging, w immediately starts to decrease. This decrease prevails monotonously until the upper cut-off potential of 4.0 V is reached after 8.0 h of charging. Reversing the current flow results in an instantaneous linear re-increase of w, which lasts until the end of the discharging cycle at t = 15.6 h. The second and third cycle qualitatively show the same linear variation of the magnetic susceptibility. While Fig. 2a and b display the first three cycles of a battery cell, Fig. 2d can be described as above (Fig. 2b) . The susceptibility immediately starts to decrease with the onset of charging. This decrease prevails linearly until the end of charging and re-increases instantaneously as soon as discharging starts.
The data represented in Fig. 2a and b are replotted in Fig. 3 as a function of the sodium content x, which is calculated for the nominal cathode mass using Faraday's law and the assumption that the entire current is consumed for Na extraction and insertion, respectively. While the electrode potential curve of different charging and discharging cycles overlaps (see Fig. 3a ), the change in the magnetic susceptibility (displayed in Fig. 3b ) differs between the first and second cycle. However, from the second cycle onwards Dw perfectly overlaps for the subsequent charging and discharging cycles.
Ex situ magnetic susceptibility measurement on the same cathode material, Na x V 2 (PO 4 ) 3 with x = 2 ( Fig. S3 , ESI †) show a linear variation of 1/w as a function of temperature as characteristic for pure Langevin paramagnetism.
Discussion
As ex situ magnetic susceptibility measurement revealed pure Langevin paramagnetism at room temperature, charging induced variation of the susceptibility w(t) can be calculated according to the Curie-Weiss law: 17, 19 wðtÞ (1) and (2) assuming pure V 3+ (S = 1) -V 4+ (S = 1/2) oxidation.
Herein, N A and k B denote the Avogadro and Boltzmann constant, respectively, T the temperature, Y the Curie-Weiss temperature, and m eff the mean effective magnetic moment. For Y a value of 50 K was determined by the ex situ magnetic susceptibility measurement.
m eff can be calculated from the effective magnetic moment of the transition metal ions in its respective oxidation state m i and their corresponding concentration c i : 17, 19 m
As vanadium is the only transition metal ion in this compound, the w-variation is considered to arise from V 3+ (S = 1, m i = 2.83 m B ) § 2 V 4+ (S = 1/2, m i = 1.73 m B ) oxidation/reduction during charging/discharging. The variation of the magnetic susceptibility, as predicted according to eqn (1) and (2) for pure vanadium oxidation/reduction, is plotted as a function of charging time in Fig. 2b and d as black dashed line. Apart from the first cycle, the experimentally observed w-variation can indeed be well described by the w-variation expected for the V 3+ /V 4+ oxidation/reduction ( Fig. 2b and d) . Deviations within the first cycle are only seen in the magnetic susceptibility data but not within the electrode potential during galvanostatic cycling (Fig. 3 ). However, some small deviations of the electrochemical response occur in the first cycle of a cyclic voltammetry experiment (Fig. 1a) .
It seems likely that the observed deviations in the magnetic susceptibility measurements are related to some chemical reactions (potential assisted) at the surface of the electrode/ electrolyte, e.g. the formation of a passivation layer. Indeed an unstable passivation layer on the same cathode material in 1 M NaFSI in EC/PC (volume ratio 1 : 1) was reported by Manohar et al ref. 25 . Upon such a reaction, Na ions may be extracted from the cathode which do not contribute to battery charging similar to the formation of surface layer compounds proposed for LiMn 2 O 4 . 26 Due to charge neutrality conditions, Na ions which are lost in the passivation layer formation process will cause V 3+ -V 4+ oxidation. Thus, during the first charging cycle this parasitic effects contributes to vanadium oxidation which results in a more pronounced w-decrease compared to the predicted model (see Fig. 2b dashed lines) . The less pronounced increase at the beginning of the first discharging cycle could be due to the same reason. Here, the reduction of vanadium ions due to battery discharging is superimposed by oxidation process caused by the passivation layer formation. After around 12 hours of battery operation (see Fig. 2b ) the measured and predicted w-variation according to eqn (1) and (2) agree, indicating that the reaction not contributing to the battery cycling has vanished (is in equilibrium). The deviations at the beginning of the 25th cycle in Fig. 2d may arise for the very same reason. The cell was under open circuit condition for 6 days before measured within the SQUID magnetometer. It is reasonable to think that after 6 days the material relaxes toward a different equilibrium state that, to some extent, involves a return to the original situation (before any cycling) as the passivation layer is found to be unstable in organic electrolytes. 25 It should be noted that magnetic ordering was reported on the similar Li NASICON phase Li 3 Fe 2 (PO 4 ) 3 . 27 As this ordering phenomena occur at low temperatures it is not believed to have any influence on the observed room temperature w-variation of this work.
Conclusion and summary
Operando magnetic susceptibility measurements can serve as highly sensitive fingerprint for the charge compensation process in battery cathodes as the magnetic moment of the transition metal ions is directly related to its oxidation state. For the cathode material Na x V 2 (PO 4 ) 3 the charge compensation process was confirmed to be entirely due to V 3+ (S = 1) 2 V 4+ (S = 1/2) oxidation/reduction during charging/discharging. Cyclic voltammetry and magnetic measurements clearly revealed deviations for the first charging cycle which could be related to the formation of an electrode-electrolyte interphase layer on the NVP cathode.
Experimental

Synthesis of NVP/C
Sodium vanadium phosphate-carbon composite (NVP/C) was synthesized via a sol-gel synthesis analogous to the synthesis of LVP/C (lithium vanadium phosphate, Li 3 V 2 (PO 4 ) 3 -carbon composite). 28 Here, the precursor LiH 2 PO 4 was replaced with NaH 2 PO 4 . Citric acid as gel-forming agent and NH 4 VO 3 were separately dissolved in 50 ml of deionized water and then mixed in a beaker. The molar ratio of citric acid to vanadium was 1 : 1. The reaction mixture was slowly heated to 60 1C. NaH 2 PO 4 in stoichiometric amounts was dissolved in 50 ml deionized water and was added slowly (drop-wise in approximately 1 h) from a separation funnel to the solution of NH 4 VO 3 and citric acid at 60 1C. The solution was then heated to 80 1C to evaporate the water on a hot plate until a gel formed. The obtained gel was subsequently dried overnight in an oven at 80 1C under air. Afterward, it was first ground in an agate mortar and then thermally treated under argon in a quartz tube placed in a tube oven at 7001 for 8 h. The heating ramp was set at 4 1C min À1 , the cooling ramp being the natural cooling rate of the oven, which is approximately 8-12 1C min À1 above 350 1C. In these synthesis conditions, the citric acid converts to conductive carbon and forms a composite with the NVP. At last two grounding processes of the NVP carbon composite (using an agate mortar) were performed with an sintering step in between. The XRD pattern of the obtained crystalline black powered can be seen in Fig. S4 (ESI †) .
Electrochemical characterization
The electrodes were prepared by the slurry cast method. The slurry contained the active material (NVP/C, 800 mg), conductive carbon (Super C65, 100 mg) and a binder (Kynar 761, 100 mg) resulting in a mass ratio of 8 : 1 : 1 respectively. Additionally, 3 g of solvent (1-methyl-2-pyrrolidinone (NMP)) were added. The components were mixed together by ball milling at 400 rpm 4 times for 15 minutes. The well dispersed slurry was cast on an Al current collector which was, before casting, etched with a 5 wt% KOH solution at 40 1C. The doctor blade casting was carried out at a velocity of 5 mm s À1 and using a casting gap of 150 mm. The cast films were then dried at 60 1C in air, electrode disks were cut (10 mm in diam.), vacuum dried in a Büchi oven and then transferred to an Ar-filled glovebox with water and oxygen contents smaller than 0.5 ppm. The electrodes, with a mass loading of 1.68 mg cm À2 , were assembled in Swagelok-type cells with metallic Na as reference and counter electrode. The electrolyte used in all experiments was 1 M NaFSI in EC : DEC (volume ratio 4 : 6). Electrochemical measurements were carried out on VMP3 or MPG2 potentiostat/galvanostat instruments from Bio-Logic controlled by the EC-Lab software. Cyclic voltammetry (CV) was performed at different increasing scan rates, i.e. 0.05 mV s À1 , 0.1 mV s À1 , 0.2 mV s À1 and 0.5 mV s À1 . The samples were cycled between 2.8 V to 4.0 V vs. Na/Na + . Galvanostatic cycling with potential limitation was carried out between 2.8 V to 4.0 V vs. Na/Na + . The cycling rates were C/10, C/5, C/2, C, 2C, 5C (each 25 cycles) and again C/10 (15 cycles). The currents corresponding to the chosen C-rates were calculated considering the theoretical capacity of NVP, which is 118 mA h g À1 .
Operando magnetometry
The cathodes for the operando magnetic measurements were prepared from the same electrode slurry used for electrochemical characterization (see above). A flattened end of an aluminum wire was first dip-coated, then pre-dried in air and subsequently dried at 370 K under vacuum conditions (10 À5 mbar) for 24 hours. The dip-coated cathodes were mounted in a self-developed purposebuilt electrochemical cell suitable for the use in a SQUID magnetometer. 16, 29 This cell enables an electrochemical measurement in a 3-electrode geometry and ensures that the measured magnetic signal variation arise originate solely from the cathode material. Please note that with the developed cell design the magnetic signal of both the anode and cathode is actually measured. However, sodium plating and dissolving stripping on the anode side contributes less than 1% to the total magnetic signal variation. Thus, the variation of the magnetic susceptibility can entirely be attributed to the variation of the susceptibility of the cathode material. In the present case, the cell compartment was a polyethylene tube. Metallic sodium pressed on copper wires served as anode and reference electrode. The electrolyte was the same as for the electrochemical characterization (vide supra). Charging and discharging was performed with a constant current of 18.4 mA ( Fig. 2a and b ) and 25.7 mA ( Fig. 2c and d) corresponding to a C-rate of about C/8 based on the specific theoretical cathode capacity of 118 mA h g À1 and the coating masses of 1.56 mg and 2.73 mg using a single channel potentiostat/ galvanostat instrument potentiostat (Autolab PGSTAT 128N) . The cathode electrode film for the ex situ magnetometry measurement was prepared in the same way as for the electrochemical measurements. A pouch cells was used in which the reference electrode and the counter electrode was made of metallic sodium foil. The square 4 cm 2 electrode containing 8.5 mg of NVP/C active mass was cycled between 2.8 V and 3.8 V vs. Na/Na + and subsequently stopped in the 4th charging cycle at an approximate sodium content of x = 2 (Na x V 2 (PO 4 ) 3 ). Afterward the cell was dismantled, the NVP-containing cathode rinsed with dimethyl carbonate (DMC) and dried under in vacuum conditions at room temperature before placing it in an airtight SQUID sample holder with minimized magnetic contribution. In addition, the measured signal was also corrected for the magnetic signal of the additives (carbon and binder) and the aluminum substrate both of which in sum contribute by about 9% to the overall signal. The whole process of cathode preparation, handling and transfer to the SQUID magnetometer was performed under protective Ar-atmosphere.
Magnetic susceptibility measurements were performed at an applied magnetic field of 5000 Oe using a SQUID magnetometer (Quantum Design MPMS-XL-7) in the same manner as described elsewhere. 18 In the case of operando studies, the temperature was controlled and kept at 300 K, whereas the ex situ samples were measured as a function of temperature (field-cooling, 300 K to 10 K).
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